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ABSTRACT 
Observations of out-of-plane (OOP) instability in the 2010 Chile earthquake and in the 2011 Christchurch 
earthquake resulted in concerns about the current design provisions of structural walls. This mode of failure 
was previously observed in the experimental response of some wall specimens subjected to in-plane loading. 
Therefore, the postulations proposed for prediction of the limit states corresponding to OOP instability of 
rectangular walls are generally based on stability analysis under in-plane loading only. These approaches 
address stability of a cracked wall section when subjected to compression, thereby considering the level of 
residual strain developed in the reinforcement as the parameter that prevents timely crack closure of the wall 
section and induces stability failure. The New Zealand code requirements addressing the OOP instability of 
structural walls are based on the assumptions used in the literature and the analytical methods proposed for 
mathematical determination of the critical strain values. In this study, a parametric study is conducted using 
a numerical model capable of simulating OOP instability of rectangular walls to evaluate sensitivity of the 
OOP response of rectangular walls to variation of different parameters identified to be governing this failure 
mechanism. The effects of wall slenderness (unsupported height-to-thickness) ratio, longitudinal 
reinforcement ratio of the boundary regions and length on the OOP response of walls are evaluated. A clear 
trend was observed regarding the influence of these parameters on the initiation of OOP displacement, based 
on which simple equations are proposed for prediction of OOP instability in rectangular walls. 
INTRODUCTION 
Structural walls, also known as shear walls, are one of the 
common lateral load resisting elements in reinforced concrete 
(RC) buildings in seismic regions. A relatively high stiffness is 
provided by a structural wall along its in-plane direction making 
it the main lateral force resisting system of the structure. As a 
result, this structural system needs to prevent damage to non-
structural elements during minor earthquakes, limit structural 
damage in moderate earthquakes and prevent the collapse of the 
building during major seismic events. To achieve this level of 
reliability, a structural wall needs to respond to seismic actions 
with enough ductility and energy dissipation capacity. Hence, 
any mode of failure that is bound to interfere with its operation 
must be impeded until the desired performance level is 
achieved. To achieve this goal, the failure modes that different 
types of structural walls are likely to sustain should first be 
identified and categorized. 
In recent years, as design optimization and architectural spacing 
have gained importance, slender rectangular walls, taking less 
space and believed to be more economical, have become more 
common in many countries. The use of higher concrete 
strengths has also resulted in more slender profiles than those 
previously tested in the laboratory or in real buildings under 
earthquakes. The performance of these structural walls in the 
Chile (February 2010) and New Zealand (February 2011) 
earthquakes has exposed some problems with the existing 
design of RC structural walls. OOP instability is one of the 
failure patterns observed in RC wall buildings in the Canterbury 
earthquakes [1]. This failure pattern refers to buckling of a 
portion of a wall section OOP as a result of either pure in-plane 
loading or a combination of in-plane and OOP (i.e. bi-
directional) loading. This buckling under in-plane loading is 
limited to an end-region of the wall, where the axial strains from 
in-plane loading are the greatest. 
The structures with instability failure in walls are hardly 
repairable since this mode of failure induces a considerably 
abrupt loss of lateral load resistance, which can cause instability 
of the whole building. Paulay and Goodsir [2] and Paulay and 
Priestley [3] were the first to describe in detail the development 
of OOP instability failure. As there were not many test results 
on this mode of failure, some assumptions such as the height of 
the wall involved in the formation of instability (i.e. buckling 
length) were made in these postulations. 
Paulay and Priestley [3] scrutinized the mechanism of OOP 
instability by idealization of the part of the wall height that has 
undergone OOP deformation with a circular shape. By 
expressing the lateral displacement 𝛿 in terms of the wall 
thickness 𝑏, i.e., 𝛿 = 𝜉𝑏, and using expressions developed for 












𝑠𝑚 = the maximum tensile strain of the longitudinal
reinforcement (the relatively small elastic recovery was 
neglected and the residual strain was assumed to be of the order 
of 𝑠𝑚).
𝑙𝑜 = the height along which OOP instability develops and








𝛽𝑏 = the distance from the layer of elastic reinforcement to the 
point of initial crack closure. 
The section equilibrium was used to establish a stability 
criterion for the section undergoing OOP deformations as: 
𝜉 ≤ 𝜉𝑐 = 0.5(1 + 2.35𝑚 − √5.53𝑚
2 + 4.70𝑚) 
Where, 







According to Paulay and Priestley [3], with increasing 
reinforcement content, instability must occur at a reduced 
eccentricity 𝛿 = 𝜉𝑏. The plastic hinge length, 𝑙𝑝 (given by 
Equation 4), was postulated to be a reasonable approximation 
of the potential height of the wall over which OOP buckling 
may occur, 𝑙𝑜. 
𝑙𝑝 = 0.2𝑙𝑤 + 0.044ℎ𝑤 (4) 
Where, 
𝑙𝑤= horizontal length of the wall section 
ℎ𝑤= full height of the cantilever wall 
Paulay and Priestley [3] introduced an upper bound limit for 
development of OOP instability, as well. Regardless of the 
stability criterion mentioned above, OOP instability of the 
section was postulated to occur if the lateral displacement 
exceeds half of the wall thickness. 
The current New Zealand design provisions (NZS3101 2006-
A3 [4]) for prevention of this mode of failure are based on the 
equations derived in these past studies. The basic findings of 
these studies were confirmed by Chai and Elayer [5], who 
investigated the OOP instability of structural walls by testing 
concrete columns that represented boundary zones of 
rectangular walls. This method has become a common approach 
for investigating this mode of failure [6-13]. However, many 
assumptions need to be made such as: a) the wall region that 
undergoes the OOP instability, b) the boundary conditions at 
the top, bottom and along the edge that joins the boundary zone 
to the central wall panel, and c) the height of the wall involved 
in the formation of OOP instability.  
Chai and Elayer [5] studied the OOP instability of ductile RC 
walls by idealizing the end-region of the wall as an axially 
loaded RC column, and conducted an experimental study to 
examine the OOP instability of several RC columns designed 
to represent the end-regions of a ductile planar RC wall under 
large amplitude reversed cyclic tension and compression.  
Chai and Elayer [5] used the same stability criterion as Equation 
3 and considered three components for 𝑠𝑚 as: 
𝑠𝑚 = 𝑒 + 𝑟 + 𝑎
∗  (5) 
𝑠𝑚 = 𝜂1 𝑦 + 𝜂2 𝑦 + 𝑎
∗  (6) 
1) 𝑒 = an elastic strain recovery for the unloading from a 
tensile excursion;  
2) 𝑟 = a reloading strain associated with compression yielding 
of the reinforcement (and depends on the cyclic 
characteristic of the reinforcing steel since a reduced 
stiffness in the steel is expected due to the 
Bauchinger’strain effect) 
3) 𝑎
∗  = an axial strain at first closure of cracks  
Based on the relationship of the transverse curvature at mid-
height of the column with the mid-height OOP displacement 
and axial strain corresponding to the first crack closure the 











where, 𝑐 depends on the transverse curvature distribution of the 
column and 𝜉𝑚 is the OOP displacement at mid-height of the 
column normalized by the wall thickness. 
The following assumptions were made: 
- The OOP displacement for the crushing limit state was 
assumed to be fairly close to the OOP displacement at first 
crack closure.  
- The limit state for calculation of the OOP displacement 
was concrete crushing. i.e. the OOP displacement should 
be limited to 𝜉𝑐 (the OOP displacement corresponding to 
the concrete crushing). 
- 𝜂1 = 1.0, and 𝜂2 = 2.0  
- The curvature distribution was considered sinusoidal, i.e., 
coefficient 𝑐 = 1 𝜋2⁄  
Based on these assumptions, the maximum tensile strain that 










𝜉𝑐 + 3 𝑦 (8) 
The OOP instability failure was observed and measured in 
several experiments. Rosso et al [14] provided an inclusive 
summary of these experiments which were conducted by 
Oesterle et al [15], Goodsir [16], Thomsen and Wallace [17], 
Johnson [18] and Rosso et al [19]. This data showed that all 
collected test units had some common features in their 
response; in particular, reaching the same order of magnitude 
of maximum tensile strains, and observation of the maximum 
out-of-plane displacement at approximately 0% in-plane drift. 
Rosso et al [14] investigated the out-of-plane failure mode 
of walls by analyzing the response of two singly reinforced 
walls tested under cyclic loading as part of an experimental 
campaign on five thin T-shaped walls [20]. The specimens were 
identical but were subjected to two different in-plane and bi-
directional loading patterns. One of the issues that was well 
elaborated in this study was the difference between the effective 
buckling length assumed in the analytical models and the one 
observed in the test. Rosso et al [14] observed that the 
application of an out-of-plane displacement at the top of the 
wall increases the global out-of-plane deformation if it is 
applied in the opposite direction of the latter and vice versa. 
The effects of different parameters on the instability of singly-
reinforced walls is also studied by Rosso et al [21]. The 
evolution of out-of-plane instability was also observed in 
several limited ductile walls tested by Menegon et al [22]. The 
specimens had a height-to-thickness ratio of approximately 15 
and were designed to be representative of Australian 
construction practice.  
The authors have scrutinized the mechanism of global OOP 
instability failure in RC walls and the controlling parameters 
using both numerical (FEM) and experimental studies. A brief 
summary of objectives within this study and the methodology 
employed to achieve them is provided in Table 1. A numerical 
model employing the curved shell elements available in the 
commercial finite element analysis software DIANA [23] was 
proposed for simulation of different failure modes of RC 
rectangular walls including OOP instability [24], which was the 
first modelling approach that could simulate this mode of 









comprehensive validation of the model was conducted  which 
mainly focused on verification of the OOP instability simulated 
by the model using results of several tested wall specimens, a 
blind prediction as well as a parametric study [25-28]. The 
response of several wall specimens that exhibited various 
failure mechanisms in the laboratory was also simulated by this 
model within the modelling group of the Virtual International 
Institute for Performance Assessment of Structural Wall (NSF 
SAVI Wall Institute) [29].  
The effects of different parameters on OOP instability of doubly 
reinforced walls were qualitatively investigated using both 
extensive FEM simulations and experimental tests [14, 15]. The 
effect of slenderness (unsupported height-to-thickness) ratio, 
reinforcement ratio, length and axial load on the strain history 
and stress-strain response of the longitudinal bars throughout 
the cyclic loading, as well as the strain gradient along the wall 
height was evaluated, and the variation of the OOP response 
associated with variation of each parameter was discussed.  
According to Dashti et al [14], for a given set of slenderness 
(unsupported height-to-thickness) and reinforcement ratios, 
development of a critical average tensile strain over a certain 
height can lead to formation of OOP instability in walls. 
Therefore, in addition to its value, the distribution of tensile 
strain along the height of the wall boundary region is identified 
as a key parameter affecting the likelihood of OOP instability 
[9, 14-17]. In this study, a parametric study is conducted to 
quantitatively evaluate the effect of slenderness and 
reinforcement ratios as well as the parameters that govern the 
strain gradient along the wall height (such as wall length) on 
generation of ideal circumstances for development of OOP 
instability. An equation is ultimately derived for calculation of 
the maximum slenderness to safeguard against development of 
OOP instability up to a desired drift level.  
Table 1: Global out-of-plane instability of walls: Project aims and methodology. 
Aim Methodology Ref. 
Gain an in-depth understanding of the global 
out-of-plane instability/buckling mechanism, 
including the effect of governing parameters 
such as wall section thickness, length, axial 
load and longitudinal reinforcement ratio. 
A numerical study to develop a modelling approach capable of 
capturing different failure modes of structural walls including the 
global out-of-plane instability/buckling mechanism.  
[30, 24-
26, 28] 
A numerical parametric study on the out-of-plane response of singly 
and doubly reinforced concrete walls using the verified modelling 
approach to link the effects of the key wall parameters with 
progression of out-of-plane instability. 
[27, 31] 
Verify the theory of the out-of-plane instability 
mechanism through experimental testing. 
Experimental testing of four slender rectangular walls ranging in 
thickness, length and axial load and comparison of the observations 
with the FEM predictions. 
[32-35] 
Verify existing analytical models for the global 
out-of-plane instability/buckling mechanism 
and evaluate the suitability of the existing 
requirements in NZS 3101:2006-A3 for 
prevention of out-of-plane instability. 
Comparison of wall instability observed in earthquakes and 
experimental testing (including the above-noted four RC wall tests) 
with existing theoretical and analytical models. 
 
[36-38] 
FAILURE MECHANISM AND CONTROLLING 
PARAMETERS 
Salient Features of OOP Instability 
The key observations made in the numerical and experimental 
studies on the evolution of OOP deformation and subsequent 
instability in rectangular RC walls are summarised as below. 
- The OOP response of walls was found to have four stages 
of: i) minimal or no, ii) fully recoverable, iii) partially 
recoverable and iv) irrecoverable OOP deformation. The 
magnitude of tensile strain in longitudinal reinforcement in 
previous cycles was identified to be the factor governing the 
development of these stages. Figure 1 shows the evolution 
and recovery of OOP deformation (Stage ii) predicted by 
the numerical model. Stages iii and iv were found to be in 
correlation with the stability criterion and upper bound 
limits proposed by Paulay and Priestley [3], respectively. 
Figure 2 indicates development of these stages in one of the 
wall specimens tested by the authors [37]. Stage iv would 
result in abrupt strength degradation of the wall and 
possibly collapse of the structure. Therefore, the stability 
criterion (Equation 3) could be used to define the limit state 
for the tensile strain of the boundary region longitudinal 
bars. It should be noted that this strain is the average tensile 
strain developed along the buckling length, which is 
understandably lower than the maximum tensile strain at 
the wall base. Therefore, the approaches commonly used 
for estimating the maximum strain at the wall base that 
assume plane sections to remain plane cannot be used to 
provide a correlation between this critical strain and the 
drift level.  
- The equation proposed by Paulay and Priestley [3] and 
Chai and Elayer [5] for calculation of the tensile strain 
corresponding to this stability criterion included buckling 
length as a key parameter, which was assumed to be equal 
to the length of the plastic hinge. However, in the walls 
tested by the authors [37] and several others [18, 14] it was 
observed that the buckled length can exceed the plastic 
hinge length by more than a factor of two. Substitution of 
the experimentally observed buckling length in the 
equations proposed by Paulay and Priestley [3] and Chai 
and Elayer [5] resulted in significantly more accurate 
estimation of the tensile strain corresponding to the 
stability criterion [37].  
- Aside from the magnitude of the tensile strain in the 
longitudinal reinforcement, the distribution of tensile 
strain along the wall height was also found to be a critical 
parameter in the evolution of OOP deformation. For a 








region, localized tensile strain at the base might induce bar 
fracture, bar buckling and accelerated concrete crushing, 
resulting in a local instability during the subsequent 
loading cycles [39]. Comparatively, a relatively uniform 
strain distribution along the height of the plastic region can 
induce compression yielding of the bars along this height 
and lead to the global OOP instability. Based on these 
experimental observations and the modes of instability 
failure documented in the literature, the OOP response of 
walls is classified into five different modes [38]. Among 
these, the global OOP instability (Figure 2) is the only 
mode that results in abrupt strength degradation of the wall 
and is associated with development of large strains along 
a sufficient height of the wall from the base. Therefore, 
doubly-reinforced rectangular walls with well-confined 
boundary regions and high longitudinal and horizontal 
reinforcement ratios are susceptible to the abrupt global 
OOP instability failure if they are able to develop large 
tensile strains along the height of the plastic region before 
progression of other failure modes (such as bar buckling, 
bar fracture and concrete crushing) and before progression 
of large diagonal cracks along the web. If other failure 
modes occurred earlier, they can interact with 
development and recovery of OOP deformation and result 
in a more localized instability that can be classified as a 
secondary mode of failure.  
- Slope of the tensile strain profile along the height of the 
boundary regions generally changes dramatically at an 
elevation from the base, generating larger strains at the 
zone located below this elevation. This elevation increases 
with the applied drift level, and the OOP deformation starts 
when its value reaches about 60% of the unsupported 
height of the wall. The buckling length at each stage is 
equal to this elevation and is limited to 70-75% of the 
unsupported height when the stability criterion is reached. 
It should be mentioned that the type of restraint at the 
storey level that allows rotation in the OOP direction as 
well as the type of strain gradient along the wall height 
would affect the buckling length. The fully fixed boundary 
conditions with a strain gradient that is fairly uniform 
along the height (similar to the one of the isolated 
boundary zones under tensile-compressive cycles [12]) 
limits the buckling length to 60% of the unsupported 
height. However, if there is no restraint provided at the 
storey level against the rotation in the OOP direction, as 
was the case in some wall experiments [15], the buckling 
length would be close to the whole unsupported height of 
the wall [26].  
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Figure 1: The progression and recovery of OOP deformation simulated by curved shell finite element model. 
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Figure 2: Evolution of OOP deformation and subsequent global instability-Experimental observation.  
Qualitative Effects of the Key Parameters 
Based on the numerical and experimental parametric studies 
[27, 31, 35], the controlling parameters were classified into: i) 
slenderness (unsupported height-to-thickness) ratio; ii) the 
parameters that govern the vertical strain history and vertical 
strain gradients (e.g. axial load, N; wall length, L; longitudinal 
reinforcement ratio, v; concrete strength, f’c; loading history, 
shear-span ratio, etc.) and iii) OOP boundary conditions and 
different sources of eccentricity. These parameters were found 
to have the following influences on the OOP response of 
rectangular walls:  








































































































































(Paulay & Priestley 1993)
Upper Bound Limit









- Increasing the wall thickness, i.e. decreasing the 
slenderness (height-to-thickness) and length-to-thickness 
ratios, results in earlier crack closure for a given quantity 
of previously induced tensile strain and is the most 
efficient approach to delay progression of OOP 
deformation.  
- The reduction of wall length results in development of 
smaller tensile strains in the boundary region for a given 
drift level, and is therefore able to delay progression of 
OOP deformation. The nonlinearity of strain gradients 
along the wall length, however, may decrease this effect 
[40]. 
- Depending on the stage of loading, the axial load ratio can 
have a mixed effect on the development of OOP wall 
instability. Any level of compressive axial load can be 
beneficial in delaying the development of OOP buckling 
because the tensile strain in longitudinal reinforcement 
(key trigger for initiation of OOP deformation) is 
decreased. Conversely, once the longitudinal 
reinforcement strain exceeds the critical tensile strain (i.e., 
tensile strain after which global OOP eccentricity is 
generated), any magnitude of compressive axial load can 
become detrimental by generating a P-Delta moment that 
accelerates the OOP deformation of the section. 
- Higher longitudinal reinforcement ratio results in delay of 
crack closure and leads to fatter hysteretic curves, 
increasing the energy required for the in-plane 
deformation when compared to that for OOP deformation, 
particularly in a cracked wall section that the OOP 
stiffness is reduced due to yielding of the bars under 
compressive stresses. As discussed by Paulay and 
Priestley [3], the increase of longitudinal reinforcement 
ratio also decreases the OOP deformation corresponding 
to instability of the section (stability criterion) and 
therefore results in more susceptibility of walls to OOP 
instability.   
- The effect of concrete strength on the in-plane and OOP 
responses of walls is studied using numerical and 
experimental investigations by Tripathi et al. [41]. The 
concrete strength is found to influence the strain gradients 
along the wall length by changing the neutral axis depth for 
a given curvature. The strain gradients along the height of 
walls are also affected by this parameter since higher 
compressive strength of concrete can understandably result 
in larger strains along the wall height up to a higher 
elevation from the base. This causes the bars to yield in 
compression within a greater height during reloading of the 
cracked wall section in compression, which consequently 
increases the likelihood of development of OOP 
deformation. 
- The progression of OOP deformation is more likely to 
occur in walls with higher shear strength as the 
contribution of flexure to the total top displacement is 
higher in these cases. 
- The OOP rotational stiffness provided by the floor system 
(at the storey level) would have a noticeable impact on the 
initiation and extent of the OOP deformation. The hinged-
fixed boundary conditions can result in two times larger 
OOP displacement compared to the fixed-fixed constraints 
although the OOP boundary conditions at the floor level 
would be neither fully fixed nor fully hinged.   
- The effect of eccentricity generated by the difference in 
inelastic response of the longitudinal bars across the wall 
thickness on the OOP response of walls cannot be 
neglected given the key role of longitudinal bars in 
resisting the compression induced during the loading 
reversal in a cracked wall section.  
- Walls with a single layer of longitudinal reinforcement are 
more susceptible to instability failure compared to the 
doubly reinforced ones. This is because following 
development of large tensile strains, a single layer of 
vertical reinforcement under compressive stresses of 
reversed loading lacks a mechanism to restore stability 
when the cracks are still wide open. Also, being a singly 
reinforced wall, the eccentricity of longitudinal 
reinforcement with respect to the loading plane influence 
the out-of-plane response and result in its earlier initiation. 
However, its effect during the final stages of the wall 
response and formation of out-of-plane instability is not 
very significant. 
NEW ZEALAND CODE REQUIREMENTS 
The OOP buckling of slender walls is addressed in Section 
11.4.3 (Dimensional Limitations) of the New Zealand standard 
[42]. For walls with axial force levels greater than 0.05𝑓𝑐
′𝐴𝑔 
and for ductile or limited ductile plastic region the thickness in 
the boundary region of the wall section, extending over the 
lesser of the plastic hinge length or the full height of the first 






αr = 1.0 for doubly reinforced walls and 1.25 for singly 
reinforced walls; and 
β = 5 for limited ductile plastic regions 
β = 7 for ductile plastic regions 
Ar = aspect ratio of wall (hw/Lw) 




< 1.0 (10) 
and 
ξ = 0.3 −
ρlfy
2.5fc
′ > 0.1 (11) 
where,  
𝜌𝑙 = vertical reinforcement ratio of the boundary region 
hn= clear vertical height between floors or other effective lines 
of lateral support 
According to Section C11.4.3.1 [42], where the buckling 
length, assumed to be equal to the theoretical length of the 
plastic hinge, approaches or exceeds the unsupported height of 
the wall in the first storey, the limitation of Equation 9 becomes 
overly severe. In such cases, which are encountered when the 
length of a wall relative to the height of the first storey becomes 
large, it is assumed that the buckling length is equal to 80% of 
the clear unsupported height of the wall. This is accounted for 
by Equation 10. 
As discussed in Section 2.2, the effect of axial load on the 
formation and development of OOP deformation is not 
straightforward. Higher axial loads can prevent development of 
high residual strains in the reinforcement and contribute to 
crack closure to occur before any OOP deformation can initiate. 
However, if this crack closure does not happen on time, higher 
axial loads can trigger faster progression of OOP deformation 
by increasing the P-delta effect. Therefore, the design 








with all levels of axial force, including the levels smaller than 
0.05𝑓𝑐
′𝐴𝑔.  
QUANTITATIVE EFFECTS OF THE KEY 
PARAMETERS 
The effects of different parameters on the OOP response of 
doubly reinforced rectangular structural walls were addressed 
by the authors [31]. The parameters known to be influencing 
the OOP response of rectangular walls were studied using 
parametric models generated for three slender wall specimens 
tested in the literature. A parametric study was also conducted 
on a wall specimen that was designed for experimental 
investigation of this mode of failure. The numerical predictions 
were compared with the experimental response of the four wall 
specimens that were tested [35]. The properties of these 
parametric wall models are given in Table 2. 
In this section, a parametric study is conducted using the 
verified numerical model to quantitatively evaluate effects of 
the parameters identified to influence the OOP response of 
walls. The parametric wall models were different from the 
benchmark wall in terms of length, reinforcement ratio and 
thickness. It should be noted that the OOP rotation at the storey 
level was considered to be fixed in the numerical model. As for 
axial load, a separate parametric analysis was conducted to find 
out the critical axial load ratio for each case. The benchmark 
wall had the characteristics similar to Specimen RWB, which 
was tested by the authors [34]. The properties of these 
parametric wall models are given in Tables 3-7. The length of 
the walls was varied to generate L/H ratios ranging from 1 to 3. 
For each L/H ratio, the slenderness ratios varied from 10 to 28 
by changing the thickness of the wall. It should be mentioned 
that the distance between the two layers of reinforcement was 
also increased accordingly. As discussed by the authors [31], 
the distance between the two layers of reinforcement does affect 
the OOP response of rectangular walls. Three levels of 
reinforcement ratio were considered for the boundary regions, 
namely low (0.013), medium (0.026) and high (0.052). For all 
these cases, the critical strain was determined using a trial and 
error algorithm.  
As described in Section 2.1, the stability criterion that was 
developed in the analytical models was found to be associated 
with Stage iii (partially recoverable OOP deformation) of the 
OOP response of walls and is therefore used as a threshold for 
definition of the critical strain in this study. Thus, the critical 
strain is defined as the maximum tensile strain (at peak 
displacement during loading) at the elevation where the 
maximum OOP displacement equivalent to the stability 
criterion is developed after unloading and during reloading in 
the opposite direction. The loading program comprised two 
cycles per drift level, and the applied lateral displacement was 
increased so as to generate the maximum OOP displacement 
corresponding to the stability criterion. The critical strains and 
corresponding drift levels numerically predicted for all the wall 
models are presented in Tables 3-7.       
The critical strain versus slenderness ratio is plotted in Figure 
3a and Figure 3b for different values of L/H and reinforcement 
ratio, respectively. There was a clear trend for the scatters of 
each set of parametric study and can be represented using a 
parabolic function, which generated the best trend line. Figure 
3c displays the critical strain versus drift capacity. The drift 
capacity versus slenderness ratio is plotted in Figure 3d and 
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Figure 3: (a) & (b) Effect of wall length and reinforcement ratio on the critical strain vs slenderness ratio; (c) critical strain vs 




















































































y = 4.7864x + 0.9099
R² = 0.9973
y = 10.185x - 0.7009
R² = 0.9717













































































































As can be seen in Figure 3c, the critical strain increases linearly 
with respect to the drift capacity although the trend line is 
significantly different between L/H ratio of 1 and L/H ratios 
equal to or greater than 2. It should be noted that this critical 
strain corresponds to the extreme tension fibre of the wall 
length and the elevation corresponding to the maximum OOP 
displacement. Given the nonlinearity of strain gradients along 
the wall length [40], the variation of strain with the increase of 
wall length for a given drift level does not follow a linear trend, 
and the assumption of “plane sections remain plane” would not 
be applicable to relatively long walls. Besides, the analytical 
models based on linear strain gradients would merely calculate 
the strain at the base and empirical equations need to be used to 
obtain the strain at the elevation of the maximum OOP 
displacement. Therefore, the following equations, derived 
based on the numerical predictions, could be used to correlate 
the normalized critical strain at the elevation of maximum OOP 












  𝑓𝑜𝑟   
𝐿
𝐻




Figure 4 displays the maximum tensile strain gradients 
corresponding to the critical strain, the strain gradients 
corresponding to the onset of OOP deformation and the OOP 
displacement profiles for different L/H and slenderness ratios. 
 SL12 SL18 SL26 
 
   
 
   
 
   
Figure 4: Effect of wall length and slenderness on the strain gradients along the wall height and the OOP displacement profile. 
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Figure 5: (a) Wall instability with the maximum OOP displacement close to the base [44]; (b) wall instability with the maximum 
OOP displacement at a relatively high elevation from the base [45]; (c) Specimen TW2 web boundary instability [46]; (d) global 
instability of Specimen RWL [37]. 
As can be seen in this figure, the increase of slenderness results 
in the reduction of the buckling length. Given the significant 
difference in the slenderness values used for this comparison, 
the variation of the buckling length must not be very noticeable 
when the variation of slenderness is not substantial. As for the 
increase in wall length (L) for a given unsupported height (H) 
(i.e. the increase of L/H ratio), the distribution of maximum 
vertical tensile strains along the height of the boundary regions 
becomes more uniform with the increase of L/H from 1 to 2. 
The variation of this ratio from 2 to 3, however, does not 
significantly affect these strain gradients. The OOP 
displacement profiles corresponding to the L/H equal to 2 and 
3 are therefore different from the L/H equal to 1, with the 
maximum OOP displacement values predicted at higher 
elevations from the base. With the increase of slenderness in 
these cases, the maximum OOP displacement occurs closer to 
the top of the unsupported height (storey level). This type of 
OOP response was observed in the 2010 Chile earthquake 
(Figure 5b), while the OOP displacement profiles of the models 
with L/H=1 are in line with the global instability of an L-shaped 
wall failed during the 2011 New Zealand earthquake (Figure 
5a). It is worth noting that, due to the space and loading 
restrictions of the experimental facilities, flexure-dominated 
specimens (shear-span rations greater than 2.5) with L/H>1.0 
are rarely tested and hence missing in the literature. Therefore, 
the maximum OOP displacement of the tested specimens is 
generally observed close to the base, where the relatively large 
tensile strains are distributed. Figure 5c and Figure 5d indicate 
the OOP instability of two wall specimens with L/H=0.3 and 
0.8, respectively. 
Figure 6 and Figure 7 display the distribution of vertical strains 
before initiation of OOP deformation as well as the OOP 
deformation pattern for relatively slender wall models 
(slenderness ratio of 26) with L/H=1.0 and L/H=2.0, 
respectively. The vertical strains higher than the yield strain 
(0.002) are indicated in these figures. The distribution of 
vertical strains that are greater than the yield strain at the onset 
of OOP deformation indicates the extent of wide cracks 
throughout the wall area and the potential zone of yielding in 
compression before crack closure. As can be seen in these 
figures, the OOP deformation pattern and the buckling length is 
understandably in line with the extent of wide cracks along the 
wall height and the potential zone of yielding in compression 
during loading reversal. Therefore, for a given unsupported 
height, H, the increase of wall length would affect the OOP 
response by both increase of the maximum tensile strain for a 
given drift and variation of the strain distribution pattern. 
However, as the plastic region extends above the unsupported 
height (1st storey height) of the wall, the increase of wall length 
would not have a significant effect on the strain distribution 
profile. Given the nonlinearity of strain gradients along the 
length of walls, the value of the average tensile strain along the 
height of the 1st storey would not change as extensively as it 




















Figure 7: L/H=2.0, SL26: (a) Distribution of vertical strains above yield strain at the onset of OOP deformation;                          
(b) OOP deformation.  
As can be seen in Figure 7, the strain distribution of the model 
with L/H=2.0 is rather uniform along the 1st storey height. 
Therefore, the strain distribution and OOP displacement profile 
of the model with L/H=2.0 resemble the ones of isolated 
boundary zones tested under uniaxial tension and compression 
cycles to study the OOP response of walls [43] . Hence, the 
difference between the OOP response of walls and boundary 
zones due to the disparity in the strain gradients along the 
unsupported height would not be very significant when the L/H 
ratio is greater than or equal to 2.0. It should be noted that all 
these cases correspond to a constant shear-span ratio of 3.0, i.e., 
the effective height increases with increase of wall length. The 
increase of wall length without the variation of wall height 
would generate a lower shear-span ratio and understandably 
result in further contribution of shear distortion to the total 
displacement of the wall. The critical distribution of vertical 
strain along the height of boundary zone would therefore reach 
at a later drift and its development may even be suppressed by 
progression of shear failure.   
NEW EXPRESSIONS TO LIMIT THE TENSILE 
STRAIN DEMANDS 
Based on the results of the parametric study described above, 
an empirical equation (Equation 13) is developed for 
calculation of the critical strain at the elevation of maximum 
OOP displacement. This equation correlates this strain with the 
boundary region longitudinal reinforcement ratio, 𝜌, 
slenderness ratio, H/t, and the length-to-unsupported height 
ratio, L/H. Using the relationship between the critical strain at 
the elevation of maximum OOP displacement and the 
corresponding drift level for different L/H ratios (Equation 12), 
Equation 13 can be rearranged as Equation 14. This equation 
calculates the required slenderness ratio for a desired drift level 
corresponding to the development of critical strain in the wall 
boundary regions. However, as mentioned in Section 2.2, the 
parameters that affect the OOP response of walls were 
classified into: i) slenderness (unsupported height-to-thickness) 
ratio; ii) the parameters that govern the vertical strain history 
and vertical strain gradients (e.g. axial load, wall length, 
longitudinal reinforcement ratio, concrete strength, loading 
history, shear-span ratio, etc.) and iii) OOP boundary conditions 
and different sources of eccentricity. The qualitative effects of 
these parameters were described in detail in Section 2.2. The 
most influential parameters that proved to exhibit a clear trend 
in terms of the OOP response of walls were considered in the 
numerical parametric study conducted herein and have been 
included in Equations 13 and 14. Therefore, some assumptions 
had to be made regarding the remaining parameters. For 
instance, the OOP rotation at the storey level was considered to 
be fixed in the numerical model. It is well understood that the 
type of constraint provided by the storey floor system against 
OOP rotation at the storey level does comply with neither the 
fully fixed nor the hinged boundary conditions. Also, the 
normal concrete strength (equal to 35 MPa) was considered in 
this study while relatively high concrete strength could 
influence the OOP response of walls [41]. Therefore, based on 
the numerical and experimental parametric investigations 
conducted by Dashti et al [31, 35], Equation 14 is multiplied by 
a coefficient equal to 0.8 to include the potential effects of the 
remaining parameters. Equation 15 is thus considered as the 
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Table 2 to Table 7 present the prediction of the critical strain 
and the wall thickness using the proposed equations (Equation 
13 and 15) for different wall specimens and parametric models 
that were simulated using the numerical model in a previous 
parametric study [31] and the parametric models investigated in 
this study. The critical strains predicted by the numerical model 
are compared with the values calculated by Equation 13 and the 
analytical models proposed in the literature [3, 5]. The wall 
thickness calculated by Equation 15 for different drift levels are 
also compared with the minimum thickness requirement of the 























OOP = ξc × t  
(mm) 





















1 PW4 3048 3658 152.4 0.8 24 2 0.12 3.5 17.7 9.0 
2.5 
 (1st) 
5.6 5.9 7.8 159 165 201 233 260 
2 PW4-A 3048 3658 152.4 0.8 24 2 0.06 3.5 17.7 6.8 
2.0  
(1st) 




3048 3658 152.4 0.8 24 2 0.06 1.8 26.0 9.6 2.5 (1st) 7.9 8.7 10.1 115 139 170 196 219 
4 PW4-A-T 3048 3658 162.4 0.8 23 2 0.06 3.3 19.6 7.4 
2.5 
(2nd) 
6.5 7.0 8.7 159 163 199 229 256 
5 PW4-A-L 4000 3658 152.4 1.1 24 2 0.06 3.5 17.7 5.7 
1.5  
(1st) 
4.2 3.4 5.8 208 216 265 306 343 
6 R2 1905 4572 101.6 0.4 45 2.4 0.00 4.0 14.3 5.3 
1.7  
(1st) 
3.0 6.9 8.6 91 106 130 150 169 
7 R2-Re 1905 4572 101.6 0.4 45 2.4 0.00 2.0 20.1 7.5 
2.3  
(3rd) 
4.2 9.8 10.9 73 90 110 126 141 
8 R2-T 1905 4572 111.6 0.4 41 2.4 0.00 4.0 15.7 5.6 
1.8  
(1st) 
3.6 8.4 9.8 91 106 130 150 169 
9 RW2-L 2000 3660 102 0.5 36 3 0.09 2.9 14.7 8.3 
2.2 
(2nd) 
4.2 5.5 7.5 106 104 126 146 164 
10 Re1 2000 2000 125 1.0 16 3 0.05 1.3 30.8 NA* NA* 17.1 18.5 18.1 81 85 104 120 134 
11 Re2 2000 2000 125 1.0 16 3 0.05 2.6 23.4 14.0 
2.5  
(3rd ) 
12.1 14.1 14.4 90 100 123 143 159 
12 Re3 2000 2000 125 1.0 16 3 0.05 5.2 16.3 11.5 
2.5 
(2nd) 
8.6 9.8 11.0 118 120 146 169 189 
13 T1 2000 2000 110 1.0 18 3 0.05 3.0 19.2 11.5 
2.0  
(1st) 
8.7 10.2 11.3 93 104 128 148 165 
14 T2 2000 2000 125 1.0 16 3 0.05 2.6 23.4 14.0 
2.5  
(3rd ) 
12.1 14.1 14.4 90 100 123 143 159 
15 Full Scale 4000 4000 250 1.0 16 3 0.05 2.6 46.7 15.3 
2.5  
(3rd ) 
12.1 14.1 14.4 179 201 246 284 318 
16 L3 1600 2000 125 0.8 16 3.75 0.05 4.3 18.1 12.6 
3.0 
(3rd ) 
11.8 17.1 16.9 84 91 111 129 144 
17 L4 2000 2000 125 1.0 16 3 0.05 2.6 23.4 14.0 
2.5 
 (3rd ) 
12.1 14.1 14.4 90 100 123 143 159 
18 L5 2400 2000 125 1.2 16 2.5 0.04 2.6 23.4 12.6 
2.0  
(3rd) 
10.1 9.8 10.9 108 120 148 170 190 
L : Length; H: Unsupported Height; t: Thickness; L/t: Cross-Sectional Aspect Ratio; H/t: Slenderness Ratio; M/VL=Shear-span Ratio; Axial Load 
Ratio=N/f’c Ag; v: Reinforcement Ratio (vertical); As: Area of one Longitudinal Bar; εsm: Maximum Tensile Strain within a Cycle at the Elevation of 
Maximum OOP; OOP: Maximum OOP Displacement. * The wall exhibited shear failure. 
 













OOP = ξc ×
t  
(mm) 
Normalized Critical Strain ( 𝑐𝑟 𝑦)⁄  






















19 SL26 2000 2000 77 1.0 26 3 0.05 5.2 10.0 5.3 0.78 3.3 3.7 6.0 118 120 146 169 189 
20 SL24 2000 2000 83 1.0 24 3 0.05 5.2 10.8 5.2 0.95 3.8 4.3 6.5 118 120 146 169 189 
21 SL22 2000 2000 90 1.0 22 3 0.05 5.2 11.7 6.1 1.15 4.4 5.1 7.1 118 120 146 169 189 
22 SL20 2000 2000 100 1.0 20 3 0.05 5.2 13.0 8.5 1.57 5.5 6.3 8.1 118 120 146 169 189 
23 SL18 2000 2000 110 1.0 18 3 0.05 5.2 14.3 10.0 1.96 6.6 7.6 9.2 118 120 146 169 189 
24 SL16 2000 2000 125 1.0 16 3 0.05 5.2 16.3 13.9 2.75 8.6 9.8 11.0 118 120 146 169 189 
25 SL14 2000 2000 145 1.0 14 3 0.05 5.2 18.9 17.7 3.42 11.5 13.2 13.7 118 120 146 169 189 
26 SL12 2000 2000 165 1.0 12 3 0.05 5.2 21.5 23.1 4.64 14.9 17.1 16.9 118 120 146 169 189 
























OOP = ξc ×
t  
(mm) 
Normalized Critical Strain ( 𝑐𝑟 𝑦)⁄  






















28 SL28 4000 2000 71 2.0 28 3 0.03 5.2 9.2 1.6 0.18 1.4 0.8 3.6 236 239 293 338 378 
29 SL26 4000 2000 77 2.0 26 3 0.03 5.2 10.0 2.3 0.34 1.6 0.9 3.8 236 239 293 338 378 
30 SL24 4000 2000 83 2.0 24 3 0.03 5.2 10.8 3.4 0.38 1.9 1.1 3.9 236 239 293 338 378 
31 SL22 4000 2000 90 2.0 22 3 0.03 5.2 11.7 3.9 0.46 2.2 1.3 4.0 236 239 293 338 378 
32 SL20 4000 2000 100 2.0 20 3 0.03 5.2 13.0 4.7 0.55 2.7 1.6 4.3 236 239 293 338 378 
33 SL19 4000 2000 105 2.0 19 3 0.03 5.2 13.7 5.1 0.64 3.0 1.7 4.4 236 239 293 338 378 
34 SL18 4000 2000 110 2.0 18 3 0.03 5.2 14.3 5.4 0.69 3.3 1.9 4.5 236 239 293 338 378 
35 SL17 4000 2000 118 2.0 17 3 0.03 5.2 15.4 6.2 0.78 3.8 2.2 4.8 236 239 293 338 378 
36 SL16 4000 2000 125 2.0 16 3 0.03 5.2 16.3 7.1 0.82 4.3 2.5 5.0 236 239 293 338 378 
37 SL15 4000 2000 135 2.0 15 3 0.03 5.2 17.6 7.7 0.95 5.0 2.9 5.3 236 239 293 338 378 
38 SL14 4000 2000 145 2.0 14 3 0.03 5.2 18.9 8.7 1.06 5.8 3.3 5.7 236 239 293 338 378 
39 SL13 4000 2000 155 2.0 13 3 0.03 5.2 20.2 9.5 1.15 6.6 3.8 6.1 236 239 293 338 378 
40 SL12 4000 2000 165 2.0 12 3 0.03 5.2 21.5 10.9 1.25 7.5 4.3 6.5 236 239 293 338 378 
41 SL11 4000 2000 180 2.0 11 3 0.03 5.2 23.4 13.0 1.51 8.9 5.1 7.1 236 239 293 338 378 
42 SL10 4000 2000 200 2.0 10 3 0.03 5.2 26.0 16.9 1.90 11.0 6.3 8.1 236 239 293 338 378 
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43 SL26 4000 2000 77 2.0 26 3 0.03 2.6 14.4 3.9 0.36 2.3 1.3 4.1 179 201 246 284 318 
44 SL24 4000 2000 83 2.0 24 3 0.03 2.6 15.5 4.2 0.42 2.7 1.6 4.3 179 201 246 284 318 
45 SL22 4000 2000 90 2.0 22 3 0.03 2.6 16.8 4.2 0.52 3.1 1.8 4.5 179 201 246 284 318 
46 SL20 4000 2000 100 2.0 20 3 0.03 2.6 18.7 5.6 0.64 3.9 2.3 4.8 179 201 246 284 318 
47 SL18 4000 2000 110 2.0 18 3 0.03 2.6 20.6 6.0 0.73 4.7 2.7 5.2 179 201 246 284 318 
48 SL16 4000 2000 125 2.0 16 3 0.03 2.6 23.4 10.5 0.96 6.1 3.5 5.9 179 201 246 284 318 
49 SL14 4000 2000 145 2.0 14 3 0.03 2.6 27.1 12.0 1.35 8.1 4.7 6.8 179 201 246 284 318 
50 SL12 4000 2000 165 2.0 12 3 0.03 2.6 30.8 17.0 1.68 10.6 6.1 8.0 179 201 246 284 318 
51 SL10 4000 2000 200 2.0 10 3 0.03 2.6 37.4 23.4 2.36 15.5 9.0 10.3 179 201 246 284 318 
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52 SL26 4000 2000 77 2.0 26 3 0.03 1.3 18.9 3.9 0.38 3.3 1.8 4.4 163 169 206 239 268 
53 SL24 4000 2000 83 2.0 24 3 0.03 1.3 20.4 6.8 0.45 3.8 2.0 4.7 163 169 206 239 268 
54 SL22 4000 2000 90 2.0 22 3 0.03 1.3 22.1 5.4 0.56 4.4 2.4 5.0 163 169 206 239 268 
55 SL20 4000 2000 100 2.0 20 3 0.03 1.3 24.6 7.9 0.68 5.5 3.0 5.4 163 169 206 239 268 
56 SL18 4000 2000 110 2.0 18 3 0.03 1.3 27.1 9.2 0.88 6.6 3.6 5.9 163 169 206 239 268 
57 SL16 4000 2000 125 2.0 16 3 0.03 1.3 30.8 13.4 1.21 8.6 4.6 6.8 163 169 206 239 268 
58 SL14 4000 2000 145 2.0 14 3 0.03 1.3 35.7 15.3 1.6 11.5 6.2 8.1 163 169 206 239 268 
59 SL12 4000 2000 165 2.0 12 3 0.03 1.3 40.6 20.9 2.11 14.9 8.1 9.6 163 169 206 239 268 
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61 SL28 6000 2000 71 3.0 28 3 0.05 5.2 9.2 3.3 0.21 1.4 0.4 3.3 284 239 293 338 378 
62 SL26 6000 2000 77 3.0 26 3 0.05 5.2 10.0 2.8 0.25 1.6 0.4 3.3 284 239 293 338 378 
63 SL24 6000 2000 83 3.0 24 3 0.05 5.2 10.8 3.6 0.28 1.9 0.5 3.4 284 239 293 338 378 
64 SL22 6000 2000 90 3.0 22 3 0.05 5.2 11.7 3.6 0.33 2.2 0.6 3.5 284 239 293 338 378 
65 SL20 6000 2000 100 3.0 20 3 0.05 5.2 13.0 4.7 0.46 2.7 0.7 3.6 284 239 293 338 378 
66 SL18 6000 2000 110 3.0 18 3 0.05 5.2 14.3 5.9 0.6 3.3 0.8 3.7 284 239 293 338 378 
67 SL16 6000 2000 125 3.0 16 3 0.05 5.2 16.3 7.8 0.71 4.3 1.1 3.9 284 239 293 338 378 
68 SL14 6000 2000 145 3.0 14 3 0.05 5.2 18.9 9.7 0.86 5.8 1.5 4.2 284 239 293 338 378 
69 SL12 6000 2000 165 3.0 12 3 0.05 5.2 21.5 13.4 1.22 7.5 1.9 4.5 284 239 293 338 378 
70 SL10 6000 2000 200 3.0 10 3 0.05 5.2 26.0 17.0 1.5 11.0 2.8 5.3 284 239 293 338 378 
Figure 8 displays the comparison of the critical strain predicted 
by the proposed model and by other analytical models with the 
numerical model results. As also discussed in Section 2.1, the 
theoretical plastic hinge length (Equation 4) was assumed to be 
the buckling length in the analytical models proposed by Paulay 
and Priestley [3] and Chai and Elayer [5]. The effect of variation 
of the buckling length from the plastic hinge length to the 
numerically simulated buckling length (60-70% of the 
unsupported height), denoted as modified lo, is also indicated in 
Figure 8. As shown in this figure, the analytical models 
proposed by Paulay and Priestley [3] and Chai and Elayer [5] 
for L/H ratios of 2 and 3 result in similar strain limitations when 
the value of the buckling length in these models is replaced by 
60-70% of the unsupported height. The variation trend of the 
modified Paulay and Priestley model seems to be in better 
agreement with the numerical model and its predicted strains 
are very close to those of the proposed model for these L/H 
ratios.      
 
  
Figure 8: Normalized critical strain vs slenderness ratio predicted by the numerical model and different analytical models. 
As for L/H=1, the analytical models (with the assumption of 
buckling length equal to the plastic hinge length) are in better 
agreement with the numerical results compared to the modified 
analytical models. The modified models, however, result in 
more conservative prediction of the critical strain for a given 
slenderness ratio. This is while this modification leads to less 
conservative prediction of the critical strain when the L/H ratio 
is equal to or greater than 2.0. This disparity can be attributed 
to the fact that the wall length is one of the key parameters in 
the theoretical length of plastic hinge (Equation 4). It is 
interesting to note that the plastic hinge length is assumed to be 
equal to half of the wall length in the New Zealand concrete 
design standard (NZS3101:2006-A3 [42]). Therefore, as the 
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buckling length (if assumed to be equal to the plastic hinge 
length) will go beyond the unsupported height. The resultant 
OOP displacement will therefore be significantly larger as 
compared to a buckling length equivalent to 60-70% of the 
unsupported height. This uniqueness is considered in the 
current design provisions relevant to OOP instability by a 
coefficient (km, Equation 10) to reduce the predicted thickness 
for walls with plastic hinge length beyond the unsupported 
height (hn, Equation 10). The value of (0.25 + 0.055Ar)Lw in 
Equation 10 would be in the order of and slightly larger than 
that given by the plastic hinge length equation proposed by 
Paulay and Priestley (Equation 4).  
The proposed model predictions are conservative with respect 
to the numerical model predictions. This safety margin is 
incorporated in the model to compensate for the effects of 
parameters like geometric and material eccentricity as well as 
the OOP boundary conditions (representative of the effects of 
floor restraints) that are not taken into account. The effects of 
these parameters are studied by the authors [31] and the 
conservativeness of the proposed model appears to be sufficient 
considering their effects on the initiation stage and value of the 
OOP displacement. 
The accuracy of the proposed equation with respect to the 
numerical model prediction is indicated in Figure 9a along with 
the predictions made by the former analytical models. As can 
be seen in this figure, the critical strain calculated by the 
proposed equation is below the numerical model prediction for 
all cases while the other analytical models overestimated this 
strain for a significant number of cases. In order to investigate 
this discrepancy, the critical strain calculations of the wall 
models investigated in this study to scrutinize the effects of 
boundary region longitudinal reinforcement and L/H ratios are 
presented in different graphs (Figure 10). While the strain 
values predicted by the proposed equation and the analytical 
model proposed by Paulay and Priestley [3] are below the 
numerical model value (indicating their relatively conservative 
prediction), the equation proposed by Chai and Elayer [5] 
overestimates these strain values when the slenderness 
increases. It is interesting to note that the variation of the 
analytical/numerical strain ratio with slenderness for both the 
proposed model and the model by Paulay and Priestley [3] 
seems to follow an identical trend although the latter model 
significantly underestimates the critical strain with the increase 
of L/H. The proposed model predictions are generally around 
60-90% of the numerical predictions for most cases. This 
relatively conservative prediction would allow for the 
uncertainties involved with the amount of geometric and 
material eccentricities as well as the OOP boundary conditions 
discussed by Dashti et al [31]. It should be noted that some of 
the models borrowed from the previous parametric study [31] 
were developed based on the test specimens that lacked OOP 
restraints at the storey level and therefore represented 
significantly large slenderness ratios. Also, some of these 
models were based on the test specimens that had hinged OOP 
support at the elevation of loading, making the models 
significantly susceptible to OOP instability. Specimens 1-9 





Figure 9: (a) Analytical/numerical critical strain with different models; (b) predicted/existing slenderness ratio with the proposed 
model and the NZS3101:2006 equation.    
Figure 9b compares the slenderness calculated by the proposed 
equation (Equation 15) with the existing slenderness of the wall 
models and the slenderness calculated according to 
NZS3101:2006 thickness requirement (Equation 9). The drift 
levels associated with the stability criterion of the numerical 
models were incorporated in Equation 12 for this comparison. 
As can be seen in this figure, the slenderness calculated by the 
proposed equation for the stability criterion drift levels of all the 
wall models are less than the existing slenderness. The 
NZS3101:2006 thickness requirement (Equation 9), however, 
results in higher slenderness requirements in a significant 
number of cases. In order to evaluate this discrepancy, the 
slenderness versus drift level plot of the proposed model is 
compared with the numerical predictions and the 
NZS3101:2006 slenderness requirement for the parametric 
models studied in this paper (Tables 2-6) in Figure 11.  
Figure 11 shows the safety margin of the proposed model with 
respect to the numerical predictions for different drift levels. It 
also indicates that the effects of L/H and boundary region 
reinforcement ratios are well captured by the proposed model. 
The thickness requirement of the NZS3101:2006 does not 
depend on the drift capacity of the wall and does therefore result 
in constant slenderness values. The intersection of numerical 
data with the slenderness line of NZS3101:2006 shows that the 
current thickness requirement of the New Zealand Concrete 
Design Standard is safe when the desired drift level for 
development of stability criterion is less than 2.0%. Therefore, 
since the stability criterion of walls with L/H=1 reached at 
larger drift levels, this slenderness requirement was greater than 
the one corresponding to progression of large OOP 
displacements for these walls. However, it should be reminded 
that the numerical data is derived based on the fixed OOP 
rotation at the storey level, limited shear-span ratio and normal 
concrete strength (35 MPa). The safety margin of the proposed 
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Figure 10: Analytical/numerical critical strain with different analytical models for walls with different L/H and boundary region 
longitudinal reinforcement ratios.  
  
  
   
Figure 11: Predicted/existing slenderness ratio with the proposed model and the NZS3101:2006 equation for walls with different 




















































































































































































































































































































DISCUSSION AND CONCLUDING REMARKS 
A parametric investigation is conducted in this study in order to 
propose an equation to safeguard ductile structural walls against 
OOP instability. Among the measures that could be used to 
reduce the probability of OOP instability in rectangular walls, 
increasing the wall thickness, i.e. decreasing the slenderness 
(height-to-thickness) is the most efficient approach. Hence, 
lower slenderness would be required if the progression of OOP 
instability was to be prevented up to a higher drift level. 
Therefore, an equation is proposed to limit the wall slenderness 
ratio for a desired drift level. Other parameters incorporated in 
this equation include the boundary zone longitudinal 
reinforcement ratio and the length-to-unsupported height ratio. 
The discussion and concluding remarks around this parametric 
evaluation and the proposed model are listed below. 
- The fully recoverable OOP deformation starts at early drift 
levels and the OOP displacement equivalent to the stability 
criterion proposed by Paulay and Priestley [3] results in 
residual OOP deformation. The global instability results in 
an abrupt and brittle mode of failure and has the potential 
to lead to collapse of the building. The initiation of 
development of residual OOP deformation is therefore 
considered as the design limit state in this study. Thus, the 
wall design shall aim for delaying the tensile strain 
corresponding to the above mentioned stability criterion 
(critical strain) until the desired drift level.  
- The parametric study is conducted using a previously 
verified numerical model to quantitatively evaluate the 
sensitivity of the OOP response of flexure-dominated 
rectangular walls (shear-span ratio=3.0) to the parameters 
that have been identified to influence its progression. The 
variation of critical strain with respect to the change of 
slenderness (unsupported height-to-thickness), length and 
boundary region longitudinal reinforcement ratio 
exhibited a clear trend.  
- The numerical predictions of this critical strain for the 
parametric wall models are compared with the predictions 
of the analytical models proposed in the literature. The 
analytical models resulted in a better match with the 
numerical predictions when the originally considered 
value of buckling length that (i.e. equal to the theoretical 
plastic hinge length) was modified to the numerically 
calculated value (60-70% of the unsupported height).       
- Based on the parametric study noted above, an empirical 
equation is proposed for calculation of the critical strain at 
the elevation of the maximum OOP displacement. This 
equation correlates the critical strain with slenderness 
(unsupported height-to-thickness), length-to-unsupported 
height and boundary region longitudinal reinforcement 
ratios. The relationship between this critical strain and the 
drift level is also derived using the numerical calculations. 
Using the empirical equation noted above and this 
relationship, an equation is derived (as below) for 
calculation of wall slenderness, H/t, for a given 
combination of drift level, D, boundary region longitudinal 
reinforcement ratio,𝜌, and length-to-unsupported height 
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- The proposed equation is validated against the numerical 
model predictions and experimental observations in some 
well-confined ductile walls tested in the literature and their 
parametric models, as well as the parametric models 
generated and evaluated in this parametric study. 
- The proposed equation is reasonably conservative to 
account for the effects of the parameters that are not 
included in the equation. Some of these parameters proved 
not to influence this mode of failure with a specific trend 
(such as axial load ratio), and some of them were not easy 
to be incorporated in the model (such as OOP boundary 
conditions at the storey level as well as the construction 
and material eccentricities) given the unpredictable extent 
of these parameters.     
- The effect of unsupported height and desired drift levels 
(rotations) are not incorporated in the existing New 
Zealand Concrete Design Standard provision for 
prevention of OOP instability in walls. Therefore, the 
calculated slenderness requirement is found to be above 
the critical value for a number of cases, particularly when 
the unsupported height is larger than the commonly 
adopted values for the storey height (3-4m).  
- The current minimum thickness requirement of 
NZS 3101:2006-A3 applies to walls with axial load ratios 
greater than 5%. Given the mixed and complex effect of 
this parameter and experimental as well as numerical 
observation of OOP instability in walls with relatively low 
axial load ratios, the provisions for minimum thickness 
criteria for wall instability in NZS 3101:2006-A3 (Cl 
11.4.3.2) should be extended to apply to walls with axial 
load ratios below 5% as well. 
- Doubly-reinforced walls with well-confined boundary 
regions and rather large shear strength can develop large 
tensile strains along a decent height from the base before 
progression of other failure modes such as bar buckling, 
bar fracture and concrete crushing at the base and large 
diagonal cracks along the web. Such walls are more 
susceptible to global OOP instability.  
- To reduce the likelihood of OOP deformation for a given 
slenderness ratio, replacement of a long wall with several 
short walls would be a better alternative than increasing 
the reinforcement ratio for a reduced length in a single 
wall.  
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